Although observations made with the CoGeNT and CDMS experiments have been interpreted as possible signals of low-mass (∼7-10 GeV) dark matter particles, constraints from the XENON100 collaboration appear to be incompatible with this hypothesis, at least at face value. In this paper, we revisit XENON100's constraint on dark matter in this mass range, and consider how various uncertainties and assumptions made might alter this conclusion. We also note that while XENON100's two nuclear recoil candidates each exhibit very low ratios of ionization-to-scintillation signals, making them difficult to attribute to known electronic or neutron backgrounds, they are consistent with originating from dark matter particles in the mass range favored by CoGeNT and CDMS. We argue that with lower, but not implausible, values for the relative scintillation efficiency of liquid xenon (L eff ), and the suppression of the scintillation signal in liquid xenon at XENON100's electric field (Snr), these two events could consistently arise from dark matter particles with a mass and cross section in the range favored by CoGeNT and CDMS. If this interpretation is correct, we predict that the LUX experiment, with a significantly higher light yield than XENON100, should observe dark matter induced events at an observable rate of ∼3-24 per month.
I. INTRODUCTION
Over the past few years, a number of direct detection experiments have presented results that can be interpreted as signals of low-mass dark matter particles. In particular, the CoGeNT collaboration has reported an excess of low-energy events [1] which, after accounting for surface events and other backgrounds, favors a dark matter particle with a mass of m DM 6.5-10 GeV and a spin-independent elastic scattering cross section with nucleons of σ SI (2 − 6) × 10 −41 cm 2 [2, 3] . The CoGeNT collaboration has also reported possible evidence for an annual variation in their rate, although with only modest statistical significance [4] (see also Refs. [5] [6] [7] [8] [9] ).
More recently, the CDMS collaboration has reinvigorated interest in the CoGeNT excess by reporting the observation of three nuclear recoil-like events in their silicon detectors. The silicon analysis of the CDMS collaboration favors a dark matter interpretation over knownbackgrounds at the 99.81% confidence level (corresponding to slightly more than 3σ significance), with a best fit corresponding to m DM = 8.6 GeV, σ SI = 1.9 × 10 −41 cm 2 [10] , very near the values implied by CoGeNT. CDMS' silicon events represent the first instance in which a "zero-background" experiment has reported a statistically significant excess of events that could be possibly interpreted as a signal of dark matter.
At very low energies, the CDMS experiment is no longer background-free. Although no low-energy ( < ∼ 7 keV) silicon data has been presented, the CDMS collaboration has published an analysis of their low-energy germanium detectors [11] . Citing challenges in distinguishing low-energy nuclear recoil events from surface events, zero-charge events, and electron recoil events, the CDMS collaboration has simply derived a conservative upper limit on the dark matter's elastic scattering cross section, assuming that all of the events in their nuclear recoil band are nuclear recoils. The CDMS collaboration has suggested, however, that most of these events could be plausibly attributed to their zero-charge background [11] .
Making use of this same data set, Collar and Fields performed an independent likelihood analysis of CDMS' low-energy germanium events [12] . Using the high-energy ( > ∼ 6 keV) component of the zero-charge event population to constrain the distribution of such events at lower energies, they found that low-energy zero-charge events could not account for the rate observed in the nuclear recoil band.
1 Instead, they find a strong statistical preference (5.7σ) for a nuclear recoil component (relative to the background model). Interpreted as dark matter scattering, this event population favors a mass of m DM 7-10 GeV and an elastic scattering cross section of σ SI (0.6 − 6) × 10 −41 cm 2 [12] .
In Fig. 1 , we show the regions of the dark matter parameter space that are favored by these three potential signals. Encouragingly, they are each consistent with arising from a m DM 7-10 GeV particle, scattering with a spin-independent elastic scattering cross section 1 The central point of the analysis in Ref. [12] is that CDMS' zerocharge events with recoil energies greater than ∼ 6 keV appear narrowly centered around ionization energies of 0.25 keVee, while the distribution of the lower energy events (∼3-5 keV) is centered around a higher ionization energy of 0.5 keVee. As the central value of the zero-charge band's ionization energy is not expected to vary with recoil energy, it is difficult to interpret the low-energy events in question as being dominated by the zerocharge background. The CDMS collaboration is currently in the progress of performing two similar likelihood analyses, making use the same data set, and using new low-background data from SuperCDMS detectors. [2] , CDMS (silicon) [10] , and by Collar and Fields' independent analysis of low-energy CDMS (germanium) data [12] .
Also shown are the published constraints from CDMS [11, 26] , XENON10 (S2-only) [28] , and XENON100 [30] . While there is encouraging overlap between the regions favored by CoGeNT and CDMS, there is a degree of conflict between a dark matter interpretation of these signals and the constraints as presented by the XENON100 and XENON10 collaborations.
This mass range is also in good agreement with that favored by gamma-ray signals reported from the Galactic Center [13] [14] [15] [16] , and from the much larger region of the Inner Galaxy [17] . While we also note that this mass and elastic scattering cross section is not very far from the regions of parameter space favored by the CRESST-II [18] (see also, Ref. [19] ) and DAMA/LIBRA [20] collaborations, we consider these signals to be more difficult to interpret at this time. In particular, although the analysis of the CRESST II collaboration favors a population of dark matter-like events over known backgrounds at greater than 4σ significance, they only attribute 17-38 of the 67 events in their lowenergy nuclear recoil acceptance region to dark matter recoils. With this modest ratio of signal-to-background, one could reasonably expect uncertainties in the background model to significantly impact the preferred regions of dark matter parameter space (see, for example, Ref. [21] ). We enthusiastically await results from CRESST's new run, scheduled to begin later this year, which is designed to achieve lower rates of alpha and lead recoil backgrounds. Regarding the annual modulation observed by DAMA/LIBRA, it appears that this signal can be reconciled with the null results of other experiments only if the local dark matter velocity distribution contains a very significant non-isotropic component, such as that associated with tidal streams [3, [22] [23] [24] [25] . In such a scenario, however, it is non-trivial to translate a modulation signal into a corresponding region of the dark matter mass-cross section plane, making it difficult to compare to other signals and constraints.
Also shown in Fig. 1 are the most stringent current constraints on the dark matter's elastic scattering cross section in the mass range of interest. The constraints from the CDMS collaboration [11, 26] are consistent with the bulk of the parameter space favored by the CoGeNT and CDMS signals. Until recently, the XENON10 collaboration's S2-only analysis (which lowers their threshold by considering events without a scintillation signal) was believed to yield the most stringent constraint for low-mass dark matter particles. An error in the derivation of this limit, however, was recently identified by the authors of Ref. [27] , and has since been corrected by the XENON10 collaboration (see the erratum to Ref. [28] ), relaxing the original constraint by a factor of 4 at 10 GeV. We note that the derivation of XENON10's constraint as derived in by the authors of Ref. [27] is still significantly weaker than that shown in the erratum of the XENON10 collaboration's paper. In any case, given the large uncertainties associated with the charge yield of liquid xenon, it is not at all difficult to imagine that this constraint could be even weaker than currently presented (see, for example, Figs. 5 and 6 of Ref. [29] ).
In light of the revision of XENON10's constraint (and uncertainties associated with the charge yield), the constraint from the XENON100 collaboration [30] now appears to be the only serious obstacle to interpreting the CoGeNT and CDMS signals as evidence of dark matter. If we were only trying to reconcile the XENON100 constraint with a dark matter interpretation of events on either silicon or germanium, one could invoke carefully chosen isospin violating couplings [31, 32] . For example, if we set the ratio of the dark matter's couplings to proton and neutrons to f p /f n −0.7, the rates in xenonbased experiments can be suppressed by more than an order of magnitude relative to those in germanium [32] . This choice of f p /f n , however, also enhances the scattering rate with silicon by a factor of ∼7-10, destroying the compatibility of the silicon and germanium signals shown in Fig. 1 . Requiring that the ratio of scattering rates with silicon and germanium does not change relative to the standard case (f p /f n = 1) by more than a factor of ∼3, we find that isospin violation can suppress the XENON100 constraint, but not by more than a factor of ∼2-3, which is insufficient to reconcile it with a dark matter interpretation of the CoGeNT and CDMS signals.
If the signals observed by CoGeNT and CDMS are in fact from the elastic scattering of dark matter, it appears that XENON100's sensitivity to low-energy nuclear recoils must be lower than previously presented. In this paper, we revisit the results of the XENON100 experiment, focusing on their implications for dark matter particles in the mass range collectively favored by CoGeNT and CDMS, m DM 7-10 GeV. We note, as previously shown in Refs. [33, 34] , that XENON100's two nuclear recoil candidate events exhibit scintillation and ionization signals which are consistent with that predicted to result from the elastic scattering of low-mass dark matter particles, but exhibit far less ionization than would be expected from electronic or neutron background events.
Under the same assumptions as made by the XENON100 collaboration, however, the cross section required to account for these two events is two orders of magnitude lower than that implied by the CoGeNT and CDMS signals. If we adopt a lower value for the scintillation efficiency of liquid xenon, and account for the possibility of energy dependence in the suppression of the scintillation signal resulting from the experiment's electric field, we find that it is possible that XENON100's two events could have arisen from the same dark matter species responsible for the excesses observed by CoGeNT and CDMS. Other factors, such as the details of the treatment of scintillation fluctuations and uncertainties in the dark matter velocity distribution, could also help to alleviate the apparent tension between these experiments.
II. DETECTING LOW-MASS DARK MATTER WITH XENON100
Two phase liquid xenon dark matter detectors such as XENON100 measure nuclear recoil events through a combination of scintillation light and ionization. The mean scintillation signal (in units of photoelectrons, PE) from a nuclear recoil of energy, E nr , is given by:
where L y is the light yield in photoelectrons per unit energy (at the appropriate drift field), and L eff is the scintillation efficiency of nuclear recoil events in liquid xenon relative to that of 122 keV ee electron recoils (see Fig. 2 ). The quantities S nr and S ee account for the suppression of the scintillation signal resulting from the experiment's electric field, for nuclear and electronic recoils, respectively. The XENON100 collaboration takes these quantities to be S nr =0.95 and S ee = 0.58, for their drift field of 0.53 kV/cm, and assumes that they are independent of energy (we will return to this assumption in Sec. IV). XENON100's light yield at 122 keV ee is taken to be L y = 2.28 ± 0.04 PE/keV ee , based on an interpolation of measurements made at 40, 80, 164, and 662 keV ee [35, 36] . In addition to scintillation light, the drift field of the XENON100 experiment allows for the observation of electrons which are ionized as the result of nuclear or electronic recoils. The mean ionization signal resulting from a nuclear recoil of energy, E nr , is given by:
where Q y is the charge yield (the number of free electrons per unit energy), and Y is the secondary amplification factor, or the ratio of S2 photoelectrons observed to electrons produced. The XENON100 collaboration quotes a measurement of Y = 19.5 ± 0.1 photoelectrons per electron, with fluctuations fit to a Gaussian distribution of width σ Y = 6.7 photoelectrons per electron.
FIG. 2:
Recent measurements of the liquid xenon's relative scintillation efficiency, L eff [37] [38] [39] . The solid black curve denotes the values adopted by the XENON100 collaboration in their most recent analysis [34, 40] . The dashed, dotted and dot-dashed curves are other L eff models that we will consider in Secs. III and IV.
The basic strategy employed in past dual phase xenonbased searches has been to use the S1 signal to approximately determine the energy of a given nuclear recoil event, and then to use the ratio of S2 and S1 signals to distinguish nuclear recoil events from electron recoil backgrounds (the ratio of S2 to S1 is significantly larger for electron recoils than for nuclear recoils). For relatively heavy dark matter particles ( > ∼ 20 GeV), this strategy is straightforward. For lighter dark matter particles, however, a number of subtle and potentially significant uncertainties come into play, making robust conclusions more difficult to draw. For dark matter particles with m DM 7-10 GeV, assuming a standard choice for the velocity distribution (XENON100 derives their limits assuming a standard Maxwellian distribution with v 0 = 220 km/s and v esc = 544 km/s, and a local density of 0.3 GeV/cm 3 ), a large majority of nuclear recoils will impart a few keV or less, corresponding to an average S1 signal of less than 1 photoelectron. In contrast, in the analysis producing their most recent constraints, the XENON100 collaboration imposed a threshold of S1≥ 3 PE (and S1> 0.3 PE in at least two coincident photomultiplier tubes). For their assumed velocity distributions and scintillation efficiency, L eff (E nr ) [40] (see Fig. 2 ), a 7-10 GeV dark matter particle will produce no events with S1≥ 3 PE unless fluctuations around the mean predicted signal are considered. In other words, all of XENON100's events from a low-mass dark matter particle represent significant upward fluctuations in the S1 signal, well above the mean given in Eq. 1. If we assume that these fluctuations are simply Poissondistributed (as the XENON100 collaboration does), and include a Gaussian S1 resolution with σ = 0.5 S1(PE) PE [35] , a 7 GeV (10 GeV) dark matter particle with an elastic scattering cross section of σ SI = 2 × 10 −41 cm 2 is predicted to produce ∼0.0055 (0.10) events per kg-day with S1≥ 3 PE, corresponding to 40 (800) events over XENON100's 224.6 live-days of exposure (for a fiducial mass of 34 kg, and for the cuts and efficiencies described in Ref. [34] ). In contrast, the XENON100 collaboration has reported only 2 events that meet these requirements. In the next section, we will consider these two events within the context of low-mass dark matter.
III. XENON100'S TWO DARK MATTER CANDIDATE EVENTS
In the analysis of 224.6 live days of data, the XENON100 collaboration identified 2 events which meet their pre-defined requirements for nuclear recoil candidates [30] . Considering the entire nuclear recoil region, the observation of a pair of events is entirely consistent with their total estimated background, BG tot = 1.0±0.2. We will argue, however, that with a closer look at the predicted distributions of this background, it is not consistent with the characteristics of the two observed events.
The majority of XENON100's background estimate consists of electron recoils, BG ER = 0.79 ± 0.16. The 2 observed events each exhibit very low ionization-toscintillation ratios (S2/S1), however, quite unlike electron recoil events. More specifically, these 2 events each fall slightly above XENON100's S1 threshold (S1 3 − 4 PE), and have an observed ratio of S2 to S1 signals that is 6-8 times lower than the average electron recoil. In the left frames of Fig. 3 we show the distribution of events reported by XENON100 in the S2/S2 vs S1 plane (as is conventional, ∆ log 10 (S2/S1) denotes the the difference between the measured value of log 10 (S2/S1) and the average value for an electronic recoil with the same S1 [41] ). The dotted line near ∆ log 10 (S2/S1) = −0.4 denotes the 99.75% electron recoil rejection line [30] . The fact that the two nuclear recoil candidate events fall so far below this line suggests that they are very unlikely to be leakage from the electron recoil event population. More quantitatively, we note that in XENON100's calibration data shown in Ref. [35] , of the 24 electron recoil events below the 99.75% electronic recoil rejection line, only 1 falls below ∆ log 10 (S2/S1) = −0.7 [35] . Based on this calibration, we predict that the number of electron recoil background events below ∆ log 10 (S2/S1) = −0.7 should be only ∼0.03, far too low to account for XENON100's 2 nuclear recoil candidate events.
The remainder of XENON100's background estimate is dominated by neutrons, BG n = 0.17 +0.12 −0.07 . From this estimated rate, the probability of observing 2 or more events is approximately 3.5%. Neutron backgrounds, however, exhibit fairly flat spectra, and are thus not predicted to be concentrated near threshold. The probability that XENON100's neutron background would lead to two events, both within ∼1 photoelectron of their S1 threshold, should be very low. Furthermore, the 2 observed events exhibit far lower values of (S2/S1) than are found for the vast majority of events in XENON100's neutron calibration [35] . Based on the location of the 3σ lower boundary to the neutron distribution shown in Fig. 12 of Ref. [35] , we estimate that background from neutrons below ∆ log 10 (S2/S1) = −0.8 is even lower that that from electron recoils, ∼0.0005.
In light of the difficulties in explaining these 2 events, it has been suggested that they might be misidentified multiple scatter events (also known as "gamma X" events) [30] . As the second scatter will contribute to the S1 signal, but not to the S2, such "false single scatters" exhibit anomalously low values of S2/S1, just as is seen in XENON100's 2 nuclear recoil candidates. Electron recoil calibration data, however, has shown that the fraction of multiple scatter events misidentified as single scatters increases with energy [42, 43] , inconsistent with the low energies of the two events in question.
Summarizing the past few paragraphs, each of the proposed backgrounds appears to be unlikely to account for XENON100's two nuclear recoil candidate events. With this in mind, we will next attempt to address whether dark matter in the parameter space favored by CoGeNT and CDMS could be responsible for these two events. To do this, we have written a Monte Carlo which, for a given dark matter mass, velocity distribution, and choice of L eff , Q(y), etc., predicts the distribution of events to be observed by XENON100, in the (S2/S1) vs S1 plane. For an 8 GeV dark matter particle, and the same set of assumptions (L eff , Q y , S nr , etc.) made by the XENON100 collaboration, we show this distribution in the upper left frame of Fig. 3 . Here, the closed solid contours denote the regions of the plane in which 50% or 90% of the dark matter induced events are predicted to fall. Comparing this result directly to that of the XENON100 collaboration [34] , we find good agreement.
As was pointed out in Ref. [33] , and confirmed by the XENON100 collaboration in Ref. [34] , low-mass ( 7-10 GeV) dark matter particles are predicted to produce a distribution of events that is centered around values of ∆ log 10 (S2/S1) −0.75, well below the central value predicted for heavier dark matter particles, ∆ log 10 (S2/S1) −0.4. This is due to S1 fluctuations, as discussed in Sec. II; for low-mass dark matter particles, all of the events above XENON100's threshold are significant upward fluctuations in S1, and thus those nuclear recoils consistently exhibit lower than average ratios of S2-to-S1. So while XENON100's 2 recoil candidate events are near the outer edge of the (S2/S1) range predicted for heavier particles (the dashed line denotes the lower 3σ boundary of the nuclear recoil band, applicable for m DM > ∼ 20 − 30 GeV), both of these events lie within the ∼1σ range predicted for a ∼7-10 GeV particle.
But although the (S2/S1)-S1 distribution predicted for a low-mass dark matter particle is in good agreement with XENON100's 2 nuclear recoil candidates, the overall number of events is not; at least under the assumptions made by the XENON100 collaboration. In particular, for the values of L eff , Q y , and S nr adopted by the XENON100 collaboration, we find that for an elastic scattering cross section of σ SI = 2 × 10 −41 cm 2 , 7, 8, or
Left frames: The distribution of events as reported by XENON100. The closed contours represent the regions in which 50% and 90% of events from an 8 GeV dark matter particle are predicted to be observed. Right frames: Regions of dark matter parameter space which can account for the two events observed in XENON100's signal region (assuming that both events are produced by dark matter interactions). Lower Frames: As above, but for the low values of L eff as shown as a dashed line in Fig. 2 . See text for details.
10 GeV dark matter particles would be predicted to have produced 42, 153, or 801 events in XENON100's last run, respectively. Thus, under these assumptions, the region of dark matter parameter space collectively favored by CoGeNT and CDMS appears to predict far more events than the 2 that were observed. This can be seen in the upper right frame of Fig. 3 , for which the region that can account for XENON100's 2 events favors significantly lower cross sections than are implied by dark matter interpretations of the CoGeNT and CDMS excesses.
Before dismissing the CoGeNT and CDMS signals, however, one should keep in mind the considerable challenges and uncertainties involved in predicting the response of XENON100 to very low-energy nuclear recoil events. Although we will discuss these uncertainties in more detail in the following section, we will first present here a simple example of how the results at XENON100 might be reconciled with those of CoGeNT and CDMS. In particular, motivated by the experimental challenges involved in measuring liquid xenon's scintillation efficiency, L eff , and by the significant scatter between different groups' measurements of this quantity, we consider a lower value for this quantity, as shown as a dashed line in Fig. 2 . This low model for L eff roughly corresponds to the 1σ lower value of the measurements by the Yale (Manzur et al.) [38] and ZEPLIN-III (Horn et al.) [39] groups, but is in significant tension (we estimate roughly ∼4σ) with the measurements reported by members of the XENON100 collaboration [37] .
Throughout this paper, for any given choice of L eff , we will adopt a model for Q y which predicts the same ratio of S2-to-S1 for any given value of S1 (neglecting fluctuations) as the original XENON100 model. This choice insures that our combined choices of L eff , S nr , and Q y will be consistent with calibration data. Note that in Fig. 2 we only plot the curve for our low L eff model up to 10 keV nr because low-mass dark matter particles are not sensitive to the high energy behavior of L eff . Quantitatively, for this choice of L eff and other assumptions, we find that 90% of XENON100's events from an 8 GeV dark matter particle are predicted to result from recoils in the range of 3.0 to 5.3 keV nr .
In the lower frames of Fig. 3 , we show the distribution of events and favored parameter space regions which result under the assumption of our low L eff model. The predicted distribution of events in the (S2/S1) vs S1 plane changes only modestly, and is still in good agreement with XENON100's 2 observed events. The slight shift of this region toward lower values of S1 leads to a mild preference for somewhat higher dark matter masses, however. In the lower right frame, we see that in addition to the modest shift toward higher masses, this choice of L eff has also increased the required cross section quite significantly. In particular, the regions of parameter space that are able to account for XENON100's two events now overlap (at the 90% confidence level) with the those favored by CoGeNT and CDMS.
This exercise has demonstrated that for a low choice of L eff (comparable to the dashed line shown in Fig. 2) , the results of XENON100 can be brought into consistency with the region favored by CoGeNT and CDMS. Furthermore, the two nuclear recoil candidate events reported by XENON100, which appear to be difficult to be accounted for by known backgrounds, are consistent with arising from the same dark matter particle implied by these other experiments. As stated previously, however, this choice of L eff is in significant tension with the measurement of Ref. [37] (although is consistent with those of Refs. [38, 39] ). Ideally, we would like to find a way to reconcile XENON100 with CoGeNT and CDMS without resorting to such a low value of this quantity. In the next section, we discuss L eff in more detail, as well as uncertainties associated with XENON100's electric field, fluctuations in the scintillation signal, and the dark matter velocity distribution. When factors such as these are considered together, we find that consistency between the results of XENON100, CoGeNT and CDMS can be obtained for somewhat higher values of L eff than the "low model" considered in this section.
IV. UNCERTAINTIES IN XENON100'S SENSITIVITY TO LOW-MASS DARK MATTER PARTICLES
In this section, we consider a number of potentially relevant sources of uncertainty regarding XENON100's response to low-energy (∼3-5 keV) nuclear recoils, and to low-mass dark matter particles. Among others, we focus on the uncertainties associated with the relative scintillation efficiency of liquid xenon, and with the energy dependence of the suppression of the scintillation signal resulting from XENON100's electric field.
A. The Relative Scintillation Efficiency, L eff
We begin this section by discussing the measurements of the relative scintillation efficiency of liquid xenon to nuclear recoils, L eff . This quantity is defined as the ratio of the mean S1 signal per nuclear recoil energy, to the mean S1 signal per electron energy of a 122 electronic recoil, all at zero electric field:
This quantity is conventionally defined relative to 122 keV electron recoils due to the utility of the gamma-ray line of that energy emitted by 57 Co. While Lindhard theory appears to be capable of accommodating the observed behavior of L eff [44] , and progress has been made in modeling the response of liquid xenon to nuclear recoils (such as the Noble Element Simulation Technique, NEST) [45] , the current state of our theoretical understanding does not enable us to make detailed predictions of this quantity.
A number of groups have performed measurements of L eff , including the relatively recent measurements described in Refs. [37] [38] [39] (see Fig. 2 ). The measurements by the Columbia group (consisting of members of the XENON100 Collaboration) [37] and the Yale group [38] were each conducted using approximately monoenergetic neutron sources and were carried out in dedicated calibration detectors at zero electric field. In such a setup, the deflection angle of the neutron is used to measure the energy of the recoil, which is combined with the measured scintillation signal to provide a determination of L eff . These measurements, as shown in Fig. 2 , are broadly consistent with each other, although the values presented in Ref. [38] are somewhat lower than those found by Plante et al. The ZEPLIN III collaboration's measurement [39] , which was conducted in situ using the ZEPLIN III detector (at non-zero field), produced values of L eff which are similar to, but slightly lower than, those presented in Ref. [38] (and are significantly lower than those presented in Ref. [37] ).
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While the consistency between these three measurements is difficult to rigorously evaluate (in part because Refs. [37, 39] do not separate their quoted errors into statistical and systematic components, and because the errors are unlikely to be normally distributed) there seems to be some degree of tension between the results of these different groups. In particular, in the energy range of most interest for low-mass dark matter (E nr 3-5 keV), the results of Refs. [37] and [39] appear to be inconsistent at roughly the 3σ level, and the values of L eff adopted by the XENON100 collaboration (and used in calculating the upper frames of Fig. 3 ) are not compatible with the measurements of Ref. [39] . In light of this apparent tension, we think that it is reasonable to consider the possibility that the errors quoted for at least some of these measurements may be somewhat underestimated. With this in mind, we note that it has been argued that by fitting L eff and their energy resolution independently of each other, Plante et al. find that their energy resolution (unphysically) improves in their lowest energy bins, [38] (the closest measured value to the 0.53 kV/cm field used in XENON100). The horizontal dashed line denotes the energy-independent behavior assumed by XENON100 (Snr = 0.95). In contrast, the mildly sloped dashed line provides a slightly better fit to the data.
likely leading to a systematic overestimation of L eff at low-energies [46, 47] . For the sake of balance, we also note that arguments have been put forth suggesting that the measurements of Manzur et al. [38] may systematically underestimate L eff [48] .
B. The Impact of XENON100's Electric Field
By definition, the quantity L eff denotes the relative scintillation efficiency of liquid xenon at zero electric field. The electric fields used to collect and observe the ionization signal in dual-phase xenon-based detectors, however, impact the probability that a given electron will recombine with a xenon molecule, and thus alter the amount of S1 and S2 signals that result from a nuclear recoil event. The equation describing the mean S1 signal from a nuclear recoil in XENON100 (see Eq. 1) accounts for the effect of the electric field with the quantities S nr and S ee , which represent suppression of the S1 signal by the electric field for nuclear and electronic recoils, respectively. XENON100's light yield, L y , is also a field dependent quantity.
The XENON100 collaboration, for their drift field of 0.53 kV/cm, takes these quantities to be S nr = 0.95 and S ee = 0.58. These values are based on measurements of 56 keV nuclear recoils, and 122 keV electron recoils, respectively, and are explicitly assumed to be independent of energy [49] . In the case of S ee , the actual energy dependence in this quantity is absorbed into the definition of the light yield, L y . Any energy dependence in S nr relative to the value measured at 56 keV, however, will impact the interpretation of XENON100's events.
Although there is currently no significant evidence for an energy dependence of S nr , the related uncertainties and quoted errors are large [38] , leaving open the possibility that S nr may be smaller than assumed for low-energy recoils. The LUX Collaboration, for example, considers it likely that S nr is energy-dependent, and have projected their sensitivities under the assumption that S nr is significantly (∼20%) lower at keV-scale energies than at the higher energies used by XENON100 to estimate this quantity [47, 50] .
In Fig. 4 , we show S nr as measured in Ref. [38] , for the case of a 0.73 kV/cm electric field (of the field strengths considered in Ref. [38] , this is the closest to XENON100's value of 0.53 kV/cm). The horizontal dashed line represents the energy-independent value of 0.95 adopted by the XENON100 collaboration. In contrast, the sloped dashed line provides a slightly better fit to the data and is similar to the model favored by the LUX collaboration. In Fig. 5 , we show that by using this choice of S nr , and a model of L eff near the central values of Horn et al. [39] (the "Alternative Model", or dotted line in Fig. 2) or Manzur et al. [38] (the "Manzur Model", or dot-dashed line in Fig. 2) , we can find consistency (or near consistency in the case of the Manzur Model) between the results of XENON100, CoGeNT, and CDMS. Note that, in contrast to Refs. [37, 38] , Horn et al. [39] measured L eff in the presence of an electric field, and thus have also implicitly measured the energy dependance of S nr .
Efforts are currently underway to measurements S nr (and Q y ) over a range of electric fields and recoil energies [51] . Such measurements will be essential to interpreting low-energy nuclear recoil events in liquid xenon detectors.
C. Low-Energy Efficiencies, S1 Fluctuations, and
Other Considerations Near Threshold
As discussed in Sec. II, XENON100's sensitivity to dark matter particles lighter than ∼10 GeV is entirely reliant on the small fraction of the highest energy recoil events which produce S1 signals that are well above the mean value predicted (ie. upward fluctuations from the mean S1 signal described by Eq. 1). In this respect, XENON100 can only observe events which are on the tail of the recoil energy distribution and on the tail of the distribution of S1 PMT fluctuations. The XENON100 collaboration treats the distribution of their S1 fluctuations as Poissonian. In actuality, such fluctuations are unlikely to be so simple. For example, the LUX collaboration's Monte Carlo simulation accounts for many sources of stochastic fluctuations, including those from light collection, quantum efficiency, recombination, the Fano factor, excitation vs. ionization channels, dE/dx, and particle track history, etc [52, 53] . While some of these variations may be well described by a Poisson distribution, others are not. If the actual distribution of S1 signals around the mean is less broad than the Poisson distribution assumed by the XENON100 collaboration, it could lead them to overestimate their sensitivity to low-energy nuclear recoils [46] . As a naive example, we note that by treating these fluctuations as binomially dis-
Regions of dark matter parameter space which can account for the two events observed in XENON100's signal region (assuming both events are produced by dark matter interactions), using the energy-dependent model for Snr described by the sloped dashed line in Fig. 4 . In the left and right frames, respectively, we have used the Alternative (left) and Manzur (right) models for L eff (see Fig. 2 ).
tributed (instead of Poisson), the event rate predicted at XENON100 can be reduced by up to a factor of roughly 50%. Without a sophisticated Monte Carlo which accounts for these many stochastic processes, we cannot reliably estimate the impact of any non-Poissonian fluctuations in the S1 signal of low-energy nuclear recoils.
We also remind the reader that the overall efficiencies of XENON100 are very sensitive to the precise value of S1 in the range of nuclear recoil energies relevant for lowmass dark matter particles (see Fig. 1 of Ref. [34] ). Even very small changes in the efficiency curve could significantly alter the rate of nuclear recoil events predicted from low-mass dark matter particles.
D. The Dark Matter Velocity Distribution
So far, we have restricted ourselves to discussing uncertainties involved with the response of the XENON100 detector itself. Variations in the assumptions regarding the velocity distribution of the dark matter [54] [55] [56] [57] or its interactions [27, 32] could also help to reconcile their constraint with the signals reported by CoGeNT and CDMS. In this subsection, we consider the former of these possibilities.
As is conventional, the XENON100 collaboration has adopted a maxwellian velocity distribution for the dark matter, with a local circular velocity of v 0 = 220 km/s and a galactic escape velocity of v esc = 544 km/s [58] . The precise value of the escape velocity can be important when considering direct detection signals appearing very near experimental thresholds. In particular, we find that for an 8 GeV dark matter particle, and our low L eff model, lowering v esc from 544 km/s to 500 km/s (450 km/s) reduces the overall event rate predicted for XENON100 by a factor of 1.55 (3.3) . In contrast, CoGeNT's signal extends well above their energy threshold, making their signal less sensitive to the escape velocity assumed. In Fig. 6 , we show the impact of this parameter on the favored dark matter parameter space. A low value of the escape velocity can mildly help to reconcile XENON100 with CoGeNT and CDMS. We also direct the reader to Ref. [54] , which considers a range of cosmologically motivated dark matter velocity distribution models, demonstrating that the tension between the results of XENON100 and CDMS can be significantly reduced relative to that found in the case of a standard Maxwellian distribution.
V. PREDICTIONS FOR LUX
In this paper, we have argued that there are sufficient uncertainties in the details of XENON100's response to low-energy (∼3-5 keV) nuclear recoils that it is possible that the results of their analysis of 224.6 live days of data may be consistent with the regions of dark matter parameter space favored by CoGeNT and CDMS. Furthermore, we have argued that the two nuclear recoil events reported by XENON100 are not easily accounted for with published backgrounds, but exhibit the characteristics (S1 and S2/S1) predicted for a dark matter particle in the mass range favored by CoGeNT and CDMS. If these two events arise from the same dark matter particle being observed by CoGeNT and CDMS, then the upcoming LUX experiment [59] should detect a significant excess of low-energy nuclear recoil events (as should XENON1T).
For the purposes of detecting low-mass dark matter particles, the LUX experiment improves on XENON100 in two important respects. Firstly, their fiducial mass of 100 kg is a factor of almost three time larger than XENON100's. Even more important in the case of lowmass particles is LUX's much higher light yield (L y ), which has been measured to be at least 2, or perhaps 3, times as high as XENON100's [60, 61] . For dark mat- ter particles with a mass very close to XENON100's S1 threshold (∼7-10 GeV), we find that increasing the light yield by a factor of 2 (3) enhances the rate of events with S1≥ 3 PE by a factor of 4 ( 7-9). For heavier particles, the impact of the light yield on the event rate is much more modest. Accounting for LUX's larger target mass and greater light yield, we predict that a 7-10 GeV dark matter particle that produces an expectation value of 2 events over 224.6 days at XENON100 will generate an average of 3.1-7.6 events per month at LUX (assuming similar cuts and efficiencies for LUX as for XENON100). Combining this with the 90% Poisson uncertainty on the underlying rate implied by XENON100's two events, and with the rates observed by CoGeNT and CDMS, we predict that if XENON100's two events are from the same 7-10 GeV dark matter particles responsible for the CoGeNT and CDMS signals, then LUX should observe between 3 and 24 events per month. LUX should be sensitive even to the low end of this predicted range.
We note that the projected sensitivity to low-mass dark matter particles as presented by the LUX collaboration has been quite conservative, in large part motivated by many of the same considerations discussed in this paper. For example, in Fig. 12 of Ref. [61] , the LUX collaboration claims no sensitivity to dark matter particles lighter than 7 GeV (8 GeV) for what they describe as realistic (very conservative) assumptions pertaining to their light collection (an S2-only analysis of LUX data would be sensitive to lower masses, however). Comparing this to the constraints quoted by the XENON100 collaboration, this illustrates the very significant role that uncertainties (such as those regarding L eff and S nr ) presently play in the interpretation of low-energy data from xenon-based experiments.
VI. SUMMARY AND CONCLUSIONS
Although the excesses of low-energy events observed by CoGeNT and CDMS can be interpreted as evidence for low-mass (m DM 7-10 GeV) dark matter particles, such a scenario appears to be inconsistent with the constraints published by the XENON100 collaboration. In this paper, we have revisited this constraint and discussed a number of uncertainties that could potentially help to reconcile it with the CoGeNT and CDMS signals. In particular, we have discussed uncertainties related to:
• The relative scintillation efficiency of liquid xenon, L eff .
• Energy-dependance in the suppression of the scintillation signal resulting from XENON100's electric field, S nr .
• Non-Poissonian fluctuations of the scintillation signal around the mean, and other factors which may impact the near-threshold efficiency of XENON100.
• The dark matter's velocity distribution, and in particular the escape velocity of the galaxy.
Taken together, we find plausible scenarios in which the results of XENON100 could be consistent with a dark matter interpretation of CoGeNT and CDMS. We also point out that while the two nuclear recoil candidate events observed by XENON100 each exhibit ionization and scintillation signals consistent with resulting from 7-10 GeV dark matter particles, these events each produced too little ionization to be likely attributable to either electronic or neutron backgrounds. In particular, based on XENON100's calibration data, we estimate that they should have observed only ∼ 0.03 background events with so little relative ionization. Although it is difficult to entirely rule out other backgrounds, the characteristics of these two events are quite suggestive of a low-mass dark matter interpretation.
We do not feel that the conclusions reached in this paper are in radical departure from those presented by the XENON100 collaboration. While their estimated event rate from an 8 GeV dark matter particle with an elastic scattering cross section of σ SI = 2×10 −41 is 180 +220 −53.3 [34] , and well above the 2 events observed, they also state that the errors in this estimated rate are dominated by systematics, such as those associated with L eft and Q y . If the relevant systematic errors (including also those associated with the energy dependance of S nr ) are even modestly larger than estimated by the XENON100 collaboration, there could plausibly exist a low-mass region of parameter space in which the results of XENON100 are consistent with the signals reported by CoGeNT and CDMS.
